Background-Development and rupture of aortic aneurysms involve a combination of complex biological processes.
R upture of an aortic aneurysm is the third-commonest cause of sudden death after myocardial infarction and stroke. Approximately 5% of men Ͼ60 years of age will develop an abdominal aortic aneurysm. Currently, the only treatment option for patients with aneurysms is surgical repair when the aneurysm expands past a critical point (usually a diameter threshold of 5.5 cm). Screening programs have begun to identify a large number of patients with small aortic aneurysms who would benefit from targeted pharmacotherapy to reduce aneurysm expansion and rupture.
Clinical Perspective on p 3132
Any potential pharmacological strategy to modulate the natural history of the aneurysmal process must be targeted to the biological process that mediates aneurysm expansion and rupture. Much of our understanding of the human pathogenesis of abdominal aortic aneurysm, obtained from analysis of aneurysmal biopsies during open surgery, is limited to analysis of the end-stage disease. Histological examination has identified that degeneration of the medial elastic fibers and compensatory deposition of collagens are accompanied by adventitial hypertrophy and infiltration of macrophages and T and B lymphocytes. Atherosclerosis and thrombus formation also are features of abdominal aortic aneurysm. [1] [2] [3] [4] It is most likely that the dynamic remodeling process mediating the vascular changes observed in aneurysm development is the result of an initial inflammatory response. Involvement of inflammation as an instigating mechanism has been confirmed in 3 widely used experimental models of aneurysm, which reiterate to varying degrees elements of the human pathology. [5] [6] [7] Because the effects of biomechanical wall stress, proteolytic degradation of connective tissue, and inflammation/ immune responses contribute to aortic expansion, we suggest that a pleiotropic drug capable of redressing a number of these biological events may be effective in reducing abdominal aortic aneurysm growth rates. One such class of drugs, the thiazolidinediones, comprises high-affinity ligands for the nuclear hormone receptor family transcription factor, peroxisome proliferator-activated receptor-␥ (PPAR␥). These drugs are able to increase insulin sensitivity and have favorable effects on blood glucose and lipid profiles in diabetic patients. 8 There are 2 isoforms of PPAR␥ derived from alternative promoters, PPAR␥1 and PPAR␥2. PPAR␥2 is expressed mainly in adipocytes, whereas PPAR␥1 is ubiquitous, found in many cell types located in blood vessels such as the endothelium, vascular smooth muscle cells, and monocyte/macrophages. 9 -11 The general mechanism of gene transcription modulation by PPARs is well described; once bound to a specific ligand, the factors dimerize with retinoid X receptor and bind to specific bihexametric DNA sequences known as PPAR-responsive elements. This binding, activation, and heterodimerization recruit various coactivators and corepressor proteins that modulate gene expression. 12 There are now Ͼ70 PPAR target genes with functional PPARresponsive elements. 13 PPAR␥ activation is known to blunt macrophage activation, as demonstrated by inhibition of gelatinase B (matrix metalloprotein [MMP]-9), induction of nitric oxide synthase, and tumor necrosis factor-␣ release. 14, 15 PPAR␥ agonists such as rosiglitazone (RGZ) are now known to modulate vascular structure and function independently of their role in lipid metabolism and to protect against ischemia/ reperfusion injury in vivo through mechanisms related to the antiinflammatory effects of the drug. 16 In addition, the thiazolidinediones have been reported to have blood pressurelowering effects. [17] [18] [19] In this study, we have used the angiotensin (Ang) IIinduced murine model of aortic aneurysm to investigate the hypothesis that treatment with RGZ will have ameliorative effects on aneurysm development and rupture. This study has demonstrated that RGZ has a marked effect on both aneurysm rupture and development, consistent with the view that application of drugs with a broad spectrum of effects is a suitable approach to treat pathologies with complex origins.
Methods

Animal Model
Abdominal aneurysms were induced in 12-month-old ApoE Ϫ/Ϫ / C57Bl6 mice by a 28-day continuous infusion of Ang II (1 g · min Ϫ1 · kg Ϫ1 ) (Sigma Aldrich, Gillingham, Kent, UK) according to established methodology. 20 To ascertain the clinical effect of RGZ, a total of 87 mice were allocated to 4 groups ( Figure 1 ). All animals had an osmotic pump inserted subcutaneously in the interscapular region that released Ang II (1 g · min Ϫ1 · kg Ϫ1 ) in the positive control group (Ang II; nϭ30), pretreatment group (Ang II/RGZ5; nϭ30), and postinduction treatment group (Ang II/RGZ3; nϭ15) . The sham-operated group received saline (nϭ12). The pretreatment group received RGZ (10 mg · kg Ϫ1 · d Ϫ1 ) in their drinking water 1 week before pump insertion and continuously during the following 28-day release of Ang II. The postinduction treatment group was given RGZ (10 mg · kg Ϫ1 · d Ϫ1 ) 1 week after the implantation of the osmotic pump delivering Ang II, and this regimen was continued for 3 weeks.
Mechanistic and histological experiments were performed on subsets of the total animal group as defined in each of the results sections. Any animal that died before termination of the experimen-tal period was subject to postmortem examination. Aneurysms were defined by reference to normal aortic measurements, with an aneurysm being present when the maximum diameter of the aorta exceeded 50% of the normal diameter. In the sham-operated group, the mean diameter of the suprarenal aorta was 1.5 mm, and an aneurysm was deemed to have formed when the maximum diameter of the suprarenal aorta exceeded 2.25 mm. All animal experiments were performed according to protocols approved by the local ethics committee in accordance with the Use of Animals in Scientific Experiments Act 1986.
RGZ Dosing
To minimize disruption to the osmotic pump, RGZ was administered by drinking water rather than by gavage. Animals were given access ad libitum to RGZ maleate (Alexis Biochemicals, Lausen, Switzerland) at 10 mg · kg Ϫ1 · d Ϫ1 in drinking water. Drug concentration was calculated assuming an average daily volume per mouse of 5 mL and an average weight of 30 g. Daily consumption was recorded, as were weekly weights, to evaluate the range of dosing within the experimental group.
Plasma RGZ Analyses
Two blood samples were collected at the termination of the experiment: 1 in heparin for measurement of MMPs and 1 in EDTA for measurement of lipids. Plasma MMP concentration was determined with commercially available ELISA kits (R&D Systems, Abingdon, Oxfordshire, UK) according to the manufacturer's recommendations. Lipid concentrations were measured enzymatically with commercially available kits (Roche, Mannheim, Germany).
Magnetic Resonance Imaging
For details on magnetic resonance imaging (MRI), see the onlineonly Data Supplement.
Tissue Collection and Processing
Planned termination of the experiments occurred 28 days after insertion of the osmotic pumps. At termination, animals were fasted for 6 hours, during which time MRI scanning was performed. Whole blood was collected for plasma purification of plasma by cardiac puncture. Animals were then perfused with RNAlater (Ambion, Figure 1 . Schematic illustrating the experimental design. Animals were allocated to 1 of 4 groups. Osmotic pumps (Alzet 2400) were inserted subcutaneously in the interscapular region at time 0. The negative control group (sham) had pumps delivering PBS; the 3 treatment groups had pumps delivering Ang II at 1 g · kg Ϫ1 · min Ϫ1 . The pretreatment group (Ang II/RGZ5) had access to RGZ (10 mg · kg Ϫ1 · d Ϫ1 ) from 1 week before pump insertion. The posttreatment group (Ang II/RGZ3) had access to RGZ (10 mg · kg Ϫ1 · d Ϫ1 ) from 1 week after pump insertion. All animals were fasted for 6 hours before termination of the experiment 28 days after pump insertion, and the abdominal aortas were scanned by MRI during the fasting period. At termination, blood was collected by cardiac puncture, and animals were perfused at physiological pressures with an RNAlater before the harvesting of tissues for further analysis.
Huntingdon, UK) via a cannula inserted into the left ventricle of the heart. Infusion was maintained with a Harvard pump at 100 mm Hg. Perfusion was continued for 15 minutes, after which the aortic tree was dissected. The suprarenal aorta was excised between the last pair of intercostals and the right renal artery. A 2-mm section of this tissue block was embedded in optimal cutting temperature (Raymond A Lamb, UK), frozen slowly in hexane vapor above liquid nitrogen, and stored at Ϫ80°C until processed. The remaining tissue was stored at Ϫ20°C in RNAlater until RNA extraction.
Measuring the Extent of Atherosclerosis
Isolated hearts were fixed, mounted in optical coherence tomography, and cryostat sectioned (10 m) as described previously. 21 Sections were discarded until the 3-valve cusps at the junction of the aorta and heart were clearly observed. Three more sections were collected and stained with Oil Red O. The extent of staining evaluated the extent of atherosclerosis, which was quantified from low-power bright-field images by 2 independent observers blinded to treatment groups using the Axiomat image analysis system (Zeiss UK, Hertfordshire, UK), version 4.2.3.
Staining for Collagens I and II
Optical coherence tomography-mounted tissue was cryosectioned (10 m) onto Superfrost-charged (Mensel-Glaser, Braunschweig, Germany) slides. Suprarenal aortic sections (5 per sample) were fixed in acetone for 10 minutes, dehydrated in xylol and ethanol, and after being rinsed in distilled water, were incubated with 0.1% Sirius Red in saturated picric acid for 90 minutes. Sections were then rinsed twice with 0.01 mol/L HCl and water and cleared with ethanol (70%, 90%, 100% xylol). Five random images per section were collected under polarized light and quantified by 2 independent observers blinded to treatment groups using the Axiomat image analysis system (Zeiss UK), version 4.2.3.
Total RNA Extraction and cDNA Synthesis
Tissue samples were ground to a fine powder in liquid nitrogen, and total RNA was extracted following the manufacturer's protocol (RNeasy Fibrous Tissue RNA extraction kit, Qiagen, UK, West Sussez, UK). The integrity of the extracted total RNA was confirmed with Agilent Pico-Chip technology according to manufacturer's recommendations. These samples were reverse transcribed with a high-capacity cDNA archive kit (Applied Biosystems, UK, Warrington, Cheshire, UK) according to the recommended protocol. The resulting cDNA mixture was stored at Ϫ80°C until further use.
Real-Time Quantitative Analysis
The online-only Data Supplement provides details of the real-time quantitative analysis.
Statistics
Data are reported as meanϮSD and analyzed with 1-way ANOVA followed by the Bonferroni posttest for multiple comparisons using GraphPad Prism version 4.0. Percentage incidence of aortic aneurysms and early rupture was analyzed with 2 analysis. A value of PϽ0.05 was considered significant.
Results
Preaneurysm or Postaneurysm Treatment With RGZ Reduced the Incidence of Early Aortic Rupture and Development of Aneurysms
Ang II infusion produced suprarenal aneurysms, which were quantified by MRI scanning. Representative photomicrographs of histological analysis, demonstrating luminal expansion ( Figure 2a ) and disruption of medial elastin (Figure 2c ), confirmed the pathological manifestation of this aneurysm model as previously described ( Figure 2 ). Ten percent of animals in all groups developed paraplegia (no significant differences between groups), which may have been related to the physical effects of pump insertion.
The most important finding of the present study was the clinical effect of RGZ on aneurysm development and rupture ( Table 1 ). In the positive control group, 37% of the animals died of aortic rupture, and 53% of the group developed aneurysms. This gave a combined end point of aneurysm development or aortic rupture in 90%. Pretreatment with RGZ (Ang II/RGZ5; nϭ30) abolished rupture and reduced aneurysm formation to 23%. Similarly, posttreatment with RGZ (Ang II/RGZ3; nϭ15) abolished death caused by rupture and reduced aneurysm formation to 20% (Pϭ0.0001).
The whole aneurysmal process is retarded by RGZ in that the maximum aortic diameters of aneurysms in the RGZ pretreatment and posttreatment groups were significantly smaller than those in the positive control group (4.6Ϯ0.13 mm versus 2.4Ϯ0.48 mm before treatment versus 2.4Ϯ0.46 mm after treatment; Pϭ0.0001), although the animals with early aortic rupture were excluded from this analysis ( Figure 3 ).
All animals with free access to RGZ had significant plasma levels of the drug, although there was a wide range (172.9 to Ang II  Nil  30  11  16  81   Ang II  RGZ5  30  0  7  23   Ang II  RGZ3  15  0  5  30 The table summarizes the clinical data showing the percentage of animals with early rupture and aortic aneurysm (AA) lesions at the termination of the experiment. Thirty-six percent of animals given Ang II infusion died of early rupture before the end of the experiment. In the groups of animals given rosiglitazone (AngII/RGZ5, AngIIRGZ3) (10 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 ), none were lost to aortic rupture. *PϭϽ0.001.
664.5 ng/mL). Because RGZ maleate, not its primary metabolites, was measured and in view of the fact that this drug has a short elimination half-life (0.5 to 1 hour), the observed range of concentration may reflect variations in the drinking patterns of individual animals. 22 All animals with free access to RGZ, given as either pretreatment or 1 week after the induction of the aneurysm, had significant levels of RGZ in their plasma at termination. There was no correlation between the actual plasma level and the degree of inhibition of aneurysm formation. The hypercholesterolemic 12-month-old apolipoprotein E-deficient mice used in these experiments had a mean cholesterol of 655.2Ϯ54.74 mg/dL and atherosclerotic plaques throughout the aorta (data not shown). There was no significant difference between the 4 experimental groups in terms of body weight, glucose, and lipid profile ( Table 2) , except for the plasma concentration of high-density lipoprotein cholesterol in the posttreatment group (Ang II/RGZ3), which was elevated compared with control (14.69Ϯ1.51 versus 38.15Ϯ2.84 mg/dL; Pϭ0.032). The extent of atheroma, as determined by measurement of the extent of lipid lesions in the aortic root, did not change in response to RGZ (Pϭ0.873; Figure 4 ).
RGZ Pretreatment Reduced Ang II-Induced Expression of Angiotensin Type 1a Receptors
Infusion of Ang II into hypercholesterolemic mice resulted in increased expression of angiotensin type 1 (AT1) receptors (1.61Ϯ0.23 versus 0.92Ϯ0.19; Pϭ0.035 versus sham). Ang II-mediated induction was reduced in animals that were pretreated with RGZ (1.161Ϯ0.23 versus 0.89Ϯ0.07; Pϭ0.028 versus Ang II). Expression of AT2 receptors was unchanged by any experimental treatment.
RGZ Given as a Pretreatment Has No Effect on Expression of Ang II-Induced MMPs or Thrombomodulators
Expression of both MMP-2 and MMP-9 was increased Ϸ60% by infusion of Ang II in hypercholesterolemic mice. Animals pretreated with RGZ showed a level of expression not significantly different from that of animals that received Ang II alone ( Table 3 ). Measurement of plasma concentrations of active MMP-2 and MMP-9 showed no increase with Ang II treatment at 28 days and no effect of RGZ treatment given as either a pretreatment or after induction of aneurysm. In addition, we observed an Ang II-induced expression of urokinase-like plasminogen activator and plasminogen acti- vator inhibitor-1, but there was no significant reduction in the level after pretreatment with RGZ (Table 3 ). There was no induction of tissue plasminogen activator expression with Ang II or any effect of pretreatment with RGZ.
Pretreatment With RGZ Restores the Ang II-Induced Reduction of Collagen I and II Deposition
The collagen content of these aortas was estimated semiquantitatively with picrosirius red, which identifies collagen types I and II. The photomicrographs shown in Figure 5 are representative images. Collagen is shown as bright orange, mainly in the adventitial region of the vessel. Ang II infusion (Figure 5b and 5e ) reduces the amount of collagen seen in the sham-operated animals (2.21Ϯ0.37 versus 0.37Ϯ0.13; PϽ0.01; Figure 5a and 5d). Animals with access to RGZ (Figure 5c and 5d) show a significant elevation in the extent of collagen deposition (0.37Ϯ0.13 versus 1.48Ϯ0.49; PϽ0.05).
Using polarized light microscopy and Axiomat version 4.2.3 to quantitate the image, we found a 2-fold increase in collagen deposition after RGZ pretreatment ( Figure 5 ).
Pretreatment With RGZ Inhibits Ang II-Induced Expression of Inflammatory Mediators
Angiotensin II infusion resulted in an increased expression of E-selectin, tumor necrosis factor-␣, and interleukin-6. Pretreatment with RGZ inhibited the Ang II-mediated increase ( Table 4 ). Despite a trend toward a reduction in interleukin-10 induction in the RGZ-pretreated group, the data did not reach significance.
Discussion
This is the first study to demonstrate that RGZ, a member of the thiazolidinedione family, exerted a protective effect on aneurysm development and rupture in an established experimental model of aortic aneurysm. RGZ pretreatment resulted in a clinically significant decrease in the combined end point of fatal aortic rupture plus nonfatal aneurysm formation and significantly reduced the size of those aneurysms that formed. Administration of RGZ 1 week after induction of aortic dilatation also resulted in a significant reduction in aneurysm growth and development. Because we are currently unable to identify patients who will form aneurysms before the phenotype is manifest, these observations may be more relevant to clinical practice.
There are a number of potential mechanisms through which RGZ might mediate its effect to modulate the aneurysmal process in this model, including modulation of blood pressure, lipid concentrations, matrix remodeling by activation of matrix proteases via the AT1a Ang II receptor, and finally induction of inflammation. In the present study, the effect of RGZ on each of these mechanisms has been considered.
Although Ang II clearly elevates systolic blood pressure in this model, hypertension per se is unlikely to have a causal effect on aneurysm formation. Indirect evidence in support of this idea comes from a number of studies in which agents such as doxycycline, vitamin E, or 17beta-estradiol have had an inhibitory effect of aneurysm formation but have failed to show a concomitant reduction in blood pressure. [23] [24] [25] In a more recent study, direct evidence in support of the idea that blood pressure does not play a role in this model comes from an elegant study by Cassis and coworkers. 26 This study showed that elevating blood pressure to a similar degree with norepinephrine does not result in aneurysm formation, that the use of subpressor concentrations of Ang II results in a reduction in the number of aneurysms formed, and finally that a reduction in Ang II-induced hypertension with hydralazine does not affect the generation of aneurysm formation. 26 The extent of atherosclerosis, as defined by the extent of lipid-stained lesion in the root of the ascending aorta, was unaffected by the infusion of Ang II or pretreatment or posttreatment with RGZ, suggesting that RGZ did not exert its effect by modulating global atheroma. Similarly, the lipid profile of the animals was not significantly altered by Ang II treatment or RGZ therapy. In a recent study, Zhou and coworkers 27 reported that RGZ treatment of fat-fed apolipoprotein E-deficient mice had no effect on total cholesterol, but their findings agree with ours in showing a significant elevation in plasma high-density lipoprotein cholesterol levels. Direct comparison is complicated by the aggressive development of atherosclerotic lesions in these animals, which do not compare to the lesions developed after 12 months on normal chow, and by the fact this group used significantly lower concentrations of RGZ (0.6 mg · kg Ϫ1 · d Ϫ1 ). The resting lipid profiles (quantified in sham-operated animals) were comparable to those reported by Tham and colleagues. 28 Human aneurysms are characterized by excessive degradation and remodeling of the extracellular matrix. The earliest pathological feature of abdominal aneurysms is loss and fragmentation of the medial elastic lamellae, mediated through increased matrix metalloproteinase activity. In the present study, it was observed that pretreatment with RGZ did not influence the Ang II-induced expression of MMP-2 and MMP-9 in aortic tissue. Similarly, plasma concentrations of the active enzymes showed no significant differences when measured 28 days after Ang II infusion, although the serum levels of these enzymes do not reflect tissue activity. Examination of the effects of pretreatment with RGZ on the expression of genes known to influence MMP activity and expression (urokinase-like plasminogen activator, tissue plasminogen activator, and plasminogen activator inhibitor-1) revealed that there was a trend for RGZ to reduce the Ang II-induced increase in urokinase-like plasminogen activator and plasminogen activator inhibitor-1, although this was not statistically significant.
The concentrations of MMP-2 and MMP-9 are increased in human abdominal aortic aneurysm and have been shown to be necessary for the generation of experimental aneurysm. 29 The ameliorative mechanism of RGZ cannot be explained in terms of the effects on these proteins because neither MMP-2 nor MMP-9 expression was influenced by pretreatment with RGZ. However, because the analysis was restricted to gene expression, the data may not reflect the bioavailability of these enzymes, which could not be quantified in the volume of tissue available for analysis. The observation that RGZ was unable to reduce the Ang II-induced expression of MMP-9 is consistent with observations of carotid atherosclerotic plaques. 30 In the study from Meisner and coworkers, 30 who randomized patients to RGZ or placebo, plaques from patients on RGZ had protein concentrations of MMP-9 similar to those in subjects receiving placebo.
In established aneurysms, loss of medial elastin is compensated for by accumulation of a disorganized collagen network in the adventitial layer. The present experiment demonstrated that RGZ pretreatment resulted in an increased deposition of collagen in the aortic adventitia. This may be mediated through a reduction in the Ang II induction of AT1a receptor observed in this study. Although these observations are supported by data derived from a study of effects of thiazolidinedione on human carotid plaque matrix, they are contrary to a previously reported rodent study. 19, 30 Clearly, further work is needed to examine collagen with a fully quantitative analysis.
Inflammation has been documented as an early event in aneurysm formation in clinical practice, and inhibition of this process may stimulate a reduced expansion rate. 31 The current investigation revealed that pretreatment with RGZ reduced the Ang II-induced increased expression of tumor necrosis factor-␣, E-selectin, and interleukin-6, although no change was found in the antiinflammatory cytokine interleukin-10. Further studies are needed to confirm that the clinical benefit we observed in animals that received RGZ 1 week after the initiation of aneurysm is related to the ability of the thiazolidinedione to modulate the inflammatory process. It is also possible that RGZ may have the potential to work further down the inflammatory signaling cascade. The ability of RGZ to influence mitogen-activated protein kinase signal transduction pathways has been well documented, [32] [33] [34] with reference to the inhibition of the stress-activated protein kinase Jun N-terminal kinase/activating protein-1 cascade. 35 The recent study by Yoshimura and colleagues showing that N 2 -Jun N-terminal kinase inhibition could mediate aneurysmal regression suggested another putative mechanism of action of the thiazolidinediones that warrants further investigation. 36 The present study has demonstrated that RGZ, administered as a pretreatment or given after induction of aneurysm formation, can inhibit aneurysm formation and growth in this model. Equally significantly, RGZ therapy had a significant effect in reducing aneurysm rupture, which is the most serious clinical event. Clinical translation of these data raises concern about the suitability of RGZ for long-term clinical administration. A recent meta-analysis 37 raised some doubt about the long-term safety of these agents, particularly in terms of cardiovascular death. In this analysis, the overall number of events was small, resulting in little or no power to detect differences between trials. In a subsequent interim report of the Rosiglitazone Evaluated for Cardiac Outcomes and Regulation of Glycaemia in Diabetes (RECORD) study, 38 which was specifically designed to assess cardiac outcomes in respect to RGZ treatment, there was no evidence of any increase in death resulting from cardiovascular causes.
Conclusions
This is the first study to demonstrate that treatment with RGZ, a PPAR␥ agonist, is able to reduce aneurysm development and rupture in vivo. The mechanism of action appears unlikely to involve the ability of RGZ to modulate lipids and hence atherosclerosis. The drug is more likely to influence the availability of early inflammatory mediators involved in aneurysm formation, to alter the expression of the AT1a Ang II receptor, and to influence downstream targets of activation. The precise molecular mechanism that mediates these observations will be defined by analyses of more detailed longitudinal studies. However, these findings are consistent with the concept that drugs with a broad spectrum of effects will be successful in treating complex pathologies. Further studies are required to investigate the mechanism of action of this drug and the efficacy of other PPAR␥ agonists and to assess whether they can be used to stabilize existing aneurysms.
